This study demonstrates that novel polymer production can be achieved by introducing pTAM, a 15 broad-host-range plasmid expressing codon-optimized genes encoding Clostridium propionicum 16 propionate CoA transferase (Pct Cp ) and a modified Pseudomonas sp. MBEL 6-19 17 polyhydroxyalkanoate (PHA) synthase 1 (PhaC1 ), into phaC mutant strains of the native 18 polymer producers Sinorhizobium meliloti and Pseudomonas putida. Both phenotypic analysis and 19 gas chromatography analysis indicated the synthesis and accumulation of biopolymers in S. 20 meliloti and P. putida strains. Expression in S. meliloti resulted in the production of PLA 21 homopolymer up to 3.2% dried cell weight (DCW). The quaterpolymer P(3HB-co-LA-co-3HHx-22 co-3HO) was produced by expression in P. putida. The P. putida phaC mutant strain produced 23 this type of polymer the most efficiently with polymer content of 42% DCW when cultured in 24 defined media with the addition of sodium octanoate, while the greatest LA fraction (4% mol) was 25 achieved in the same strain cultured in LB with the addition of lactic acid. This is the first report, 26 to our knowledge, of the production of a range of different biopolymers using the same plasmid-27 based system in different backgrounds. In addition, it is the first time that the novel polymer 28 (P(3HB-co-LA-co-3HHx-co-3HO)), has been reported being produced in bacteria.
Introduction
For polymer production in S. meliloti, strains were initially inoculated in TY, and then 1% 111 overnight culture was transferred to Yeast Mannitol (YM) media in flasks on a shaker at 180 rpm, 112 30C for 3 days (33, 34) . IPTG at 0.4 mM was added into the culture for induction, unless otherwise 113 stated.
114
For polymer production in P. putida, strains were initially inoculated in LB, and then 1% 115 overnight culture was transferred to either LB or defined media (0.5*E2) in flasks on a shaker at 116 180 rpm, 30°C for 3 days (35) . Nile Red (0.5 µg/mL) was added to LB or 0.5*E2 agar plate for 117 rapid screening of polymer production. Sodium octanoate (0.5% w/v) was added in the media 118 when needed. 119 β-glucuronidase activity assay 120 β-glucuronidase levels were determined as an indication of the transcript level of 121 synthesized genes in both E. coli and S. meliloti strains. The assay was carried out as previously 122 described (36, 37) by adding culture into assay buffer at the ratio of 1:4, and incubation at room 123 temperature until the yellow colour developed, at which time the reaction was terminated by the 124 addition of sodium carbonate. Then the absorbance of reaction mixture was measured at 420 nm.
125
The OD at 600 nm of the culture was also recorded for normalization. To detect the expression of His-tagged Pct and PhaC, strains were subcultured in TY at
126

SDS PAGE and His-tag staining
The broad host range vector pTH1227 (39) , containing the inducible tac promoter and lacI q 148 along with a downstream gusA gene to use as a reporter, was digested with XhoI and PstI, then 186 Surprisingly, in the absence of IPTG supplementation in YM, levels of PHB produced were 187 similar to the wild-type levels, but in the presence of 0.4 mM IPTG, PHB was only accumulated 188 to about half the wild-type levels. In both conditions, LA was not detected (Fig. 4 ). To 189 investigate whether this was due to issues related to competition between PHB and PLA 190 precursors, we blocked the PHB synthesis pathway by using a phbAB mutant background.
Feeding the strain with lactic acid (10 g l -1 ) instead of mannitol resulted in PLA homopolymer production of 3.2% DCW ( In light of the unexpected observation that more polymer was produced in the absence of 204 IPTG than in the presence of IPTG, we decided to further investigate the PHB production under 205 different induction conditions. We also measured GusA expression from the downstream gusA 206 gene as a proxy for transcription across the engineered genes. A range of IPTG concentrations 207 from 0 to 1 mM were used to induce gene expression ( Fig. 5a ). At an IPTG concentration of 0.05 208 mM, GusA activity in the SmUW256 strain increased markedly compared to that in the absence 209 of IPTG. However, further addition of IPTG did not substantially increase GusA activity in being produced (Fig. 6a) ; however, both DCW and yield decreased relative to increased IPTG 214 concentration (data not shown), hence leading to the overall decreasing levels of PHB.
215
Interestingly, the basal level of expression in absence of IPTG resulted in the best growth and PHB 216 production based on the highest DCW, yield and PHB percentage. 
222
Next, we investigated the effect of induction timing to see if the cells behave differently 223 when 0.4 mM IPTG was added at a later point in time. We observed that the later the IPTG was 224 added into the culture, the lower the GusA activity ( Fig. 5b) . Therefore, if we only consider 225 reporter gene expression level, induction at the beginning of cultivation is the most optimal; 226 however, whether reporter gene expression is directly proportional to PHB production is a separate 227 issue that we sought to resolve. Once again, the results show that this relationship is inversely 228 proportional (Fig. 6b ). Both DCW and yield were significantly decreased when the induction 229 occurred at the beginning of cultivation, resulting in the lowest PHB percentage (S1). Induction at Introduction of engineered synthesized genes into P. putida 233 a. Phenotypic analysis of strain constructs 234 The phenotype of P. putida harboring the pTAM and pTH1227 plasmids when grown on 235 LB supplemented with sodium octanoate was examined. Interestingly, we found that the strains 236 carrying the pTAM plasmid showed a distinguishable phenotype from the strains only carrying 237 the empty plasmid pTH1227 (Fig. 7) . Both the wild type and mutant strains containing the pTAM 238 plasmid showed a milky white colony phenotype, while the strains that carried only the empty and PPUW20 (wild-type strain harboring pTH1227). a: mutant P. putida (phaC) background, b:
248 mutant (phaC-) and wildtype (phaC+) P. putida backgrounds.
249
We also investigated colony fluorescence on Nile Red containing plates with different 250 growth media (Fig. 8 ). On LB plates without the addition of extra carbon source, no fluorescence 251 was observed for any of strains. Only strains harboring pTAM plasmid showed a strong 252 fluorescence when grown on LB plates with an excess carbon source (eg. sodium carbonate).
253
Meanwhile, there were no evident phenotypic differences when the strains grew on either LB, or 254 LB with lactic acid. Since phenotypic characteristics were observed on LB agar supplemented with sodium 285 octanoate as described above, we wanted to examine, by GC analysis, what specific types of 286 polymers were produced. As we expected, the polymer production reflects what we observed on 287 the agar plates ( Fig. 9b ). All the strains produced a comparatively low amount of polymers when 288 grown in LB supplemented with lactic acid as a sole carbon source. This is consistent with our 289 observation of very low fluorescence on the plate. The phaC mutant strain harboring pTAM 290 (PPUW19) produced the most polymer content (3.3% of DCW) and LA monomer fraction (4% 291 mol) in lactic acid supplemented LB. This LA monomer fraction was also found to be the highest 292 obtained among all culture conditions. The wild-type strain harboring the empty plasmid PPUW20 293 hardly produced any polymer in nutrient media regardless of which carbon source was used.
294
However, the introduction of the plasmid pTAM restored polymer production up to 25 only when provided with a PHA polymerase and a modified thioesterase I (44) . In addition, the 330 polymer content of P(LA-co-3HB-co-3HHX) produced in E. coli was extremely low (<5% DCW).
331
In comparison, we were able to incorporate 4 different monomers in a polymer and increase the 332 polymer content up to 42%. It has been suggested that the engineered PhaC enzyme has a broader 333 substrate than the native P. putida PhaC. The engineered PhaC synthase was originally Type II 334 PhaC1 synthase that accepts and polymerizes MCL-3HA (C6-C14) monomers (14) . This enzyme 335 was engineered to broaden the substrate towards SCL-3HAs (specifically, 3HB) and LA.
336
Nonetheless, whether it still retains its ability to accept MCL-3HA has not previously been 337 demonstrated.
338
The fraction of LA and 3HB monomers in the copolymer increased substantially with the 339 presence of engineered PhaC synthase, irrespective of media. This fraction was increased in mutant 340 PhaC strain to a greater degree than the strain that still contained the wild type phaC genes, likely 341 due to a precursor competition between the polymerase enzymes in the wild-type strain or the 342 higher overall polymerase enzyme activity towards MCL PHAs in the wild-type resulting in the 343 increase of MCL fraction over LA and 3HB fraction. In addition to SCL-3HA and LA monomers,
